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Abstract 48 

Strategies to overcome irreversible cochlear hair cell (HC) damage and loss are of vital importance 49 

to develop treatment for hearing loss. In mature mammalian cochlea, Myc and Notch1 co-activation 50 

reprograms supporting cells (SC) for HC regeneration. To understand the mechanisms underlying 51 

reprogramming, we performed single cell RNAseq and uncovered the pathways including Wnt and 52 

cAMP, whose blockade attenuate HC regeneration. We screened and identified a combination (the 53 

cocktail) of drug-like compounds of small molecules and siRNAs to activate the pathways of Myc, 54 

Notch1, Wnt and cAMP. We show that the cocktail effectively replaces Myc and Notch1 transgenes 55 

to reprogram adult wildtype supporting cells for HC regeneration in vitro. Finally, we demonstrate 56 

the cocktail is capable of reprogramming adult cochlea for HC regeneration in wildtype mice with 57 

hair cell loss in vivo. Our study identified a strategy by a clinically-relevant approach to reprogram 58 

mature inner ear for HC regeneration, laying the foundation for hearing restoration by HC 59 

regeneration.  60 

 61 
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Hearing loss affects one in 500 newborns and half of the population over 70 years old, worldwide 98 
1,2. Despite being one of the most common forms of human sensory deficits, there is currently no 99 

pharmacological therapy for hearing loss. The mammalian inner ear detects the sound through the 100 

function of hair cells, the sensory cells that convert sound signals into electrical impulses 3. Hair 101 

cell loss is considered the major cause of hearing loss 4,5. However, the mammalian inner ear does 102 

not have the capacity to spontaneously repair or regenerate hair cells after hair cell damage or loss, 103 

leading to permanent hearing loss.  104 

 105 

To use HC regeneration for hearing restoration, different strategies have been pursued. Various 106 

evidence suggests that HC regeneration in mammals is possible. Spontaneous HC regeneration 107 

occurs in lower vertebrates like birds and fish 2,6,7. Embryonic and neonatal mouse cochlea also 108 

retains the capacity to regenerate HCs by enhancing expression of specific genes essential for HC 109 

development 8-10. Activating Sonic Hedgehog signaling resulted in cell cycle re-entry and HC in 110 

the neonatal cochlear sensory epithelium 11,12. The ERBB2 pathway was shown to promote 111 

supporting cell proliferation with increased MYO7A+ cell generation in neonatal mice 13. However, 112 

the capacity to generate HCs decreases rapidly 2 weeks after birth, even with the manipulation of 113 

multiple signal pathways 9. Specifically none of the approaches were sufficient to regenerate HCs 114 

in the adult mouse cochlea. 115 

 116 

To achieve HC regeneration in adult cochlea, we hypothesized a two-phase process could be 117 

sufficient: 1) To reprogram mature cochlear SCs to regain the properties of their young biological 118 

selves; 2) To activate a HC fate-determining factor (Atoh1) in the reprogrammed adult SCs for HC 119 

regeneration. We have shown that, by transient co-activation of Myc and NICD (Notch1 120 

intracellular domain), the adult mouse cochlea can be successfully reprogrammed to a relatively 121 

younger stage and regain progenitor capacity, with regeneration of HCs following Atoh1 122 

overexpression in vitro and in vivo 14. In the study, reprogramming and HC regeneration were 123 

achieved through the manipulation of the transgenes of Myc and Notch1 in a transgenic mouse 124 

model. However, it remains a major challenge to develop a similar strategy for HC regeneration in 125 

the WT mature inner ear that is potentially clinically applicable.  126 

 127 

To identify molecules to reprogram mature cochlear SCs, we performed single cell RNAseq and 128 

uncovered the pathways and their target genes underlying MYC/NICD mediated reprogramming. 129 

We screened small chemical compounds and small interfering RNAs (siRNA) to target downstream 130 

pathways and genes. Using a cocktail composed of small molecules and siRNAs, we demonstrate 131 

that Myc and Notch1 genes can be effectively replaced to reprogram terminally differentiated 132 

mature cochlear epithelial cells, including SOX2+ supporting cells (SCs), which regain progenitor 133 

properties and efficiently transdifferentiate into HCs in the adult inner ear in vitro. Significantly the 134 

strategy is shown to regenerate HCs in the wildtype adult mouse inner ear following HC loss in 135 

vivo. Our data suggest that regeneration of cochlear HCs can be achieved in adult mice using a 136 

drug-like approach offering a clinical potential.  137 

 138 

  139 
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Results 140 

 141 

Replacement of MYC by siRNAs and NOTCH1 by VPA (valproic acid)  142 

Mature cochlear epithelial cells lack the capacity to respond to the HC induction signals of Atoh1 143 

overexpression or Rb inhibition to regenerate HCs 9,15. We have shown that regeneration of HC in 144 

the mature cochlea in a transgenic mouse model (rtTA/tet-Myc/tet-NICD) 14 (Supplementary Fig. 145 

1) by reprogramming through transient activation of MYC/NICD followed by HC induction by 146 

Ad.Atoh1 infection 14.  147 

 148 

To advance our approach towards potential clinical application, it is necessary to reprogram 149 

supporting cells in the wildtype (WT) non-transgenic mature mammalian inner ear by a clinically 150 

relevant method that is sufficient to replace the functions of transgenes Myc and Notch1. 151 

 152 

Valproic acid (VPA), a histone deacetylase inhibitor, is a well-known Notch activator in multiple 153 

organs 16,17 and is capable of expanding the sensory progenitors in neonatal cochleae 18. We 154 

hypothesized that VPA may sufficiently activate Notch1 in reprogramming the mature mouse 155 

cochlea. To test the hypothesis, we bred rtTA/tet-MYC mice with Atoh1-GFP reporter mice to 156 

create an rtTA/tet-MYC/Atoh1-GFP model. The cultured adult rtTA/tet-MYC/Atoh1-GFP cochleae 157 

were treated by Doxycycline (Dox) to activate Myc and VPA for four days followed by addition of 158 

ad.Atoh1 in culture (Fig. 1a). 14 days after Ad.Atoh1 infection, numerous HC-like cells 159 

(MYO7A+/GFP+) were generated (Fig. 1c1-c3; d-g). In contrast, in cultured adult rtTA/tet-160 

MYC/Atoh1-GFP cochlea infected with ad.Atoh1 alone, sporadic infected cells (GFP+) became HCs 161 

(Fig. 1b-b3; d-g). To study the new HCs, we performed scanning electron microscopy (SEM) to 162 

identify kinocilia, a HC structure that only presents in the neonatal cochlear HCs 19. Indeed, 163 

regenerated immature HCs with and without kinocilia were detected (Fig. 1h-k) in the 164 

VPA/Dox/adAtoh1 treated rtTA/tet-MYC cochleae, an indication of new HCs. Regenerated HCs 165 

were labeled with an additional HC marker ESPN (Fig. 1l-o). Some ESPN+ HCs were also labeled 166 

with a SC marker SOX2 (Fig. 1l-o, arrows), supporting the regenerated HCs of SC origin. 167 

Importantly, a similar number of HCs were regenerated in the sensory epithelium and the limbus 168 

region between the VPA/Dox treated rtTA/tet-Myc and Dox treated rtTA/tet-Myc/tet-NICD adult 169 

cochleae (Fig. 1e vs. Supplementary Fig. 1c; Fig. 1g vs. Supplementary Fig. 1d), supporting that 170 

VPA effectively replaces NICD in reprogramming adult cochlea with Myc for HC regeneration.  171 

 172 

Since there is no potent small molecule activators of Myc, we seek to activate Myc by the 173 

suppression of Myc suppressors using siRNA. We tested the siRNAs for the Myc suppressors Fir 174 

(siF) and Mxi1 (siM) 20,21 in cultured adult cochlea. The siRNAs for Fir and Mxi1 suppressed the 175 

respective gene and importantly, when combined, this resulted in Myc activation (Supplementary 176 

Fig. 2a). We then combined VPA and two species of siRNAs (siFsiM) to treat cultured WT adult 177 

cochlea to activate Notch1 and Myc for reprogramming for four days followed by administration of 178 

Ad.Atoh1-mCherry for 14 days (Supplementary Fig. 2b). New MYO7A+/Atoh1-mCherry+ HCs 179 

were detected in the adult mouse cochlea (Supplementary Fig. 2c, d). However, compared to HC 180 

regeneration in the rtTA/tet-Myc/tet-NICD model (Supplementary Fig. 1c), the regeneration 181 

efficiency by VPA/siRNAs is greatly reduced. We conclude that VPA and the Fir/Mxi1 siRNAs 182 

can partially replace Notch1 and Myc. To improve HC regeneration efficiency, further 183 

manipulations will be necessary. 184 

 185 

Single cell RNAseq reveals diverse cellular response to Myc/NICD-mediated reprogramming 186 

Uncovering the downstream pathways mediated by MYC/NICD will aid our understanding of the 187 

reprogramming mechanisms and importantly provide us with the knowledge to identify an avenue 188 

for a clinically relevant strategy for HC regeneration. We used an adult cochlea explant culture 189 
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system we previously developed 14 and single-cell RNAseq to study the global gene expression 190 

profiles of the transgenic mouse model, rtTa/tet-Myc/-tet-NICD, in response to Dox-induced 191 

MYC/NICD co-activation. We have shown that a 4-day treatment by Dox in cultured adult rtTa/tet-192 

Myc/-tet-NICD cochleae was sufficient to reprogram adult SCs for HC regeneration 14. We thus 193 

treated cultured adult rtTa/tet-Myc/-tet-NICD cochleae with Dox for four days before the harvest to 194 

create cDNA libraries for NGS processing (Control, sterile water, n=4; and Dox-administered, n=8) 195 

(Fig. 2a and Methods). By CellRanger pipeline, we acquired single-cell transcriptomes in a total of 196 

512 cells from Control samples and 1883 cells from Dox-treated samples (Supplementary Fig. 3a). 197 

Following filtering (Supplementary Fig. 3b) by the Seurat v.3.2 22, the scRNA-seq data were 198 

clustered by the principal component which identified 9 distinct clusters. Based on the previous 199 

single-cell RNAseq studies in the cochlea 23-27, the clusters were assigned: interdental cells (IdC), 200 

Claudius cells/outer sulcus cells (CCOS), Reissner’s membrane cells (RMC), Deiter’s cells (DC), 201 

Kolliker’s organ cells (KO), Hensen’s cells (HeC), unclassified-supporting cells (uSC), 202 

macrophage-like cells (MLC) and hair cells (HC) (Fig. 2c). When comparing Dox treated and 203 

control samples, Myc and Notch1 were upregulated in Dox-treated cells (Fig. 2d, e). The cell 204 

identities of each cluster were associated with known cell type marker gene expression 205 

(Supplementary Fig. 4a, Table S1), including Galm, Nfix, Epcam for IdC; Cp, Col3a1, Fstl1 for 206 

CCOS; Vmo1, Meis2, Fut9 for RMC; Bace2, Caecam16, Car14 for DC; Epyc, Slc39a8, Lum for 207 

KO; Plp1, Pmp22, Sostdc1 for HeC; Cx3cr1, Emilin2, Fcgr1 for MLC; and Pvalb, Atp8a2, Nefl for 208 

HC (Supplementary Fig. 4b, c).  For the cluster uSC, genes such as Gdf15, Ciart, Hspa1a could not 209 

be assigned to an existing known cluster within the cochlea, indicating the cluster may contain the 210 

cells whose expression profiles were drastically altered by culturing conditions and/or Dox 211 

treatment. We did not detect certain cochlear cell types such as pillar cells, stria vascularis cells, or 212 

phalangeal cells. In summary, we profiled the transcriptomes of most cell types in the cultured adult 213 

cochlea with and without Myc/Nocth1 activation. 214 

 215 

Identification of the Myc/Notch1 downstream pathways in reprogramming 216 

We performed differential gene expression analysis and pathway enrichment analysis to 217 

characterize the molecular signature during reprogramming (Supplementary Fig. 5). First, we 218 

observed almost no overlap of differentially expressed genes (DEGs) between the two groups 219 

(Supplementary Fig. 5a, Table S2), suggesting that co-activation of Notch1 and Myc profoundly 220 

affects overall gene expression of the cultured cochlea. By Gene Set Enrichment Analysis 28,29, we 221 

identified genes enriched under Myc/Notch1 co-activation in the pathways including MYC targets 222 

and NOTCH signaling, E2F targets, G2M checkpoint, oxidative phosphorylation, and mTORC1 223 

(Supplementary Fig. 5b). We visualized the genes from the top 5 Hallmark sets and found the 224 

interdental cell (IdCs) cluster to have the most distinct expression profiles that were high in the Dox 225 

treated compared to the control groups (Supplementary Fig. 5c), suggesting that the interdental cells 226 

were more sensitive to MYC/NICD co-activation than other cochlear cell types. The pathways 227 

highly activated in the interdental cells such as E2F targets and G2M are involved in proliferation. 228 

We tested the hypothesis that the interdental cells were more sensitive to MYC/NICD co-activation 229 

to proliferate by studying EdU incorporation in the cultured adult rtTA/tet-MYC/tet-NICD cochlea 230 

treated with Dox. In the limbus region (the IdC cluster), a greater number of EdU+ cells were 231 

observed compared to other cell types such as the sensory epithelium (SE) (Supplementary Fig. 5d, 232 

e).  233 

 234 

In addition to a greater proliferation potential, the IdCs have the highest regeneration potential 235 

among the cochlear cell types in vitro (Supplementary Fig. 1b3) and in vivo 14, suggesting that the 236 

IdCs responded to reprogramming more efficiently, and as the consequence transdifferentiated to 237 

HCs more readily in the presence of Atoh1. To study the IdC clusters based on RNAseq in detail, 238 

we selected the IdC clusters for subclustering (Fig. 3a). To infer the timing of gene activity in IdC 239 
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reprogramming following Dox induction, we performed pseudotime trajectory analysis using 240 

Monocle3 30,31 to reveal gene expression kinetics over time in single-cell resolution. Based on the 241 

trajectory, the cells were then ordered in pseudotime by defining a starting node where the most of 242 

the IdC_Control cells without reprogramming resided (Fig. 3b), and an ending node represented by 243 

the reprogrammed IdC_Dox cells (Fig. 3b). The pseudotime trajectory of the reprogramming 244 

process curated 4 distinct regulatory modules with the genes (Table S3) that co-expressed across 245 

individual cells, and each module containing a set of co-regulated genes corresponds to a unique 246 

state during the transition from IdC_Control to IdC_Dox state (Fig. 3c). 247 

  248 

We performed pathway analysis by DAVID on the list of co-regulated genes in each of 4 modules 249 

revealed by Monocle3 30,31. DAVID identified that in Module 1 representing the baseline state of 250 

un-reprogrammed IdCs control, chromatin silencing and epigenetic regulations were more 251 

prominently expressed (Supplementary Fig. 6a). In Module 2, the genes representing an early 252 

transition state were mostly cytoskeletal and post-translational modification regulatory genes such 253 

as kinases, nucleosome and ubiquitin-conjugation enzymes (Supplementary Fig. 6b). In Module 3 254 

of a late transition state, the genes classified as extracellular matrix or cell-cell adhesion-related 255 

genes were enriched (Supplementary Fig. 6c). Lastly, in Module 4 representing the Dox-induced 256 

reprogrammed state, co-regulated genes were enriched for transcriptional regulation, 257 

morphogenesis, development, and mechanosensing (Fig. 3d), which indicated the prominent gene 258 

classes contributing to reprogramming and/or differentiation capacity of the reprogrammed IdC 259 

cells by MYC/NOTCH co-activation.  260 

 261 

In Module 4, GO analysis identified Wnt and cAMP-induced signaling as highly represented (Fig. 262 

3d), suggesting these pathways may play significant roles in the acquisition and establishment of 263 

the reprogrammed-state of the IdCs by Dox induction. To better evaluate the relationship of Wnt 264 

and cAMP pathway genes in the IdC clusters between Control and Dox samples, we plotted gene 265 

expression profiles of selected Wnt and cAMP pathways genes from Module 4 as a function of 266 

pseudotime (Fig. 3e). Ten representative genes for the Wnt pathway or cAMP-response pathway 267 

showed a gradual increase in their expression levels during transition from Control to the 268 

reprogrammed state by Dox induction, supporting that these pathways are part of reprogramming 269 

process. Using the STRING tool 32, we constructed a protein-to-protein interactive network 270 

composed of Wnt- and cAMP-related genes connected by Ccnd1 (Fig. 3f). Overall, we found that 271 

IdCs are highly sensitive to MYC/NICD induced reprogramming, which may underlie their 272 

heightened potential to transdifferentiate to HC.  273 

 274 

Wnt and cAMP are downstream of MYC/NICD-mediated reprogramming and are 275 

necessary for HC regeneration. 276 

Identification of Wnt and cAMP upon MYC/NICD activation suggests the important roles for each 277 

pathway in HC regeneration in mature cochlea. To confirm the results from the single-cell RNA-278 

seq study, we measured the expression of selected Wnt and cAMP pathway genes by qRT-PCR in 279 

cultured adult rtTA/tet-Myc/tet-NICD cochlea after Dox treatment and detected upregulation of 280 

Wnt and cAMP pathways genes in the Dox treatment group (Supplementary Fig. 7). To determine 281 

if Wnt and/or cAMP is required for MYC/NICD-mediated reprogramming for HC regeneration, we 282 

activated MYC/NICD in cultured adult rtTA/tet-Myc/tet-NICD cochlea, in the presence of small 283 

molecule Wnt inhibitor IWP2, cAMP inhibitor BI (bithionol), or both IWP2+BI 33,34, with the 284 

cochleae subsequently infected by Ad.Atoh1-mCherry. In control cochlea without Wnt or cAMP 285 

inhibitors, MYC/NICD reprogrammed adult cochlear cells in the sensory epithelium and the limbus 286 

region and responded to Atoh1 to transdifferentiate to HC efficiently (Supplementary Fig. 7c-e). In 287 

the cochlear groups treated with the Dox+IWP2, Dox+BI or Dox +IWP2+BI, HC regeneration was 288 

severely attenuated despite the presence of abundant Ad.Atoh1-mCherry infected cells in the 289 
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sensory epithelium and the limbus region (Supplementary Fig. 7c-e). The Bi/Iwp2 combination had 290 

stronger inhibitory effect than BI or Iwp2 alone in the sensory epithelial region (Supplementary 291 

Fig. 7e). Taken together, we demonstrated that in adult mouse cochlea, Wnt and cAMP pathways 292 

were activated by MYC/NICD activation, and both are necessary for reprogramming of adult 293 

cochlear cells and their transdifferentiation to HC in the sensory and non-sensory epithelium.  294 

 295 

Regeneration of HCs by the cocktail-driven reprogramming in wildtype adult mouse cochlea 296 

in vitro.  297 

The necessity of Wnt and cAMP in MYC/NICD mediated HC regeneration suggests their activation 298 

could facilitate HC regeneration. To maximize the efficiency in HC regeneration, we combined 299 

VPA, siFIR, and siMxi1 (VsiFsiM) with a Wnt agonist LiCl(L) and a cAMP agonist Forsklin (FSK, 300 

F) to constitute a VLFsiFsiM “cocktail”. We tested reprogramming by applying the cocktail to 301 

cultured adult WT cochleae and studied activation of inner ear progenitor genes. qPCR showed 302 

upregulation of progenitor genes including Six1, Eya1 and Gata3, but not embryonic stem cell 303 

genes like Nanog and Fut4 (Supplementary Fig. 8a, b), mimicking the reprogramming effect of 304 

MYC/NICD in the transgenic mice 14.  305 

 306 

To determine if the VLFsiFsiM cocktail is sufficient to reprogram adult WT cochlea for HC 307 

regeneration, we added the cocktail to cultured adult Atoh1-GFP mouse cochleae, in which the 308 

Atoh1 enhancer drives expression of a nuclear GFP reporter, allowing the tracking of the cells with 309 

Atoh1 expression (Fig. 4a). Four days after the treatment by the cocktail, the adult cochleae were 310 

infected by an adenoviral vector carrying the Atoh1 gene (Ad.Atoh1), and further cultured for 14 311 

days. Ad.Atoh1 infected a similar number of SC in the cocktail-treated and untreated control 312 

samples shown by GFP signal (Fig. 4a, b1, c1, d, f). In the cocktail-treated samples, we found 313 

numerous HCs (Atoh1-GFP+/MYO7A+) regenerated in the adult cochlear sensory epithelium (Fig. 314 

4c; d-g). In contrast, in control adult Atoh1-GFP cochlea without cocktail treatment, Ad.Atoh1 315 

infection did not result in Atoh1-GFP+/MYO7A+ HCs (Fig. 4b; d-g). We performed lineage tracing 316 

study to determine the origin of new HCs. Using the Sox2CreER-tdTomato model in which 317 

tamoxifen exposure activates tdT permanently in the SOX2+ SC, we found that after 318 

cocktail+Ad.Atoh1 treatment, new HCs were co-labeled with tdT (arrowheads, Fig. 4h-j), 319 

demonstrating SC origin of regenerated HCs.  320 

 321 

To study if the new HCs possess functional transduction channels, we performed FM1-43 uptake 322 

by regenerated HCs 14 days after Ad.Atoh1 infection. FM1-43 is a fluorescent dye that passes 323 

through functional transduction channels and is trapped by its charge with HCs. We observed FM1-324 

43+/Atoh1-GFP+/MYO7A+ triple positive HCs in the cocktail treated group, indicating the uptake 325 

of the dye by new HCs (Fig. 4k). New HCs are positive for developing HC markers including 326 

POU4F3 and PCP4 (Supplementary Fig. 9a-c). Interestingly, we found some Atoh1-327 

GFP+/MYO7A+ and POU4F3+/PCP4+ HCs in clusters with a sphere-like structures in the cocktail 328 

treated group (Fig. 4l; Supplementary Fig. 9c), reminiscent of the spheres derived from inner ear 329 

stem cells, suggesting our reprogramming process may expand stem cells/progenitors from which 330 

subsequently transdifferentiated to HCs. By scanning electron microscopy (SEM), we detected 331 

regenerated immature HCs with or without kinocilia (Supplementary Fig. 9d1-d3). Taken together, 332 

we demonstrated that the novel “VLFsiFsiM cocktail” is sufficient to reprogram the adult mouse 333 

cochlea in lieu of MYC/NICD transgenes and regenerate HCs in combination with Atoh1.  334 

 335 

Hair cell regeneration by the VLFsiFsiM cocktail in a mouse model with hair cell loss in vivo 336 

The cocktail approach to reprogram WT adult cochlea for HC regeneration in vitro supports its 337 

application for HC regeneration in vivo. To assess if the cocktail could be delivered by middle ear 338 

for reprogramming, we first tested by injecting the cocktail VLFsiFsiM into the middle ear space 339 



Nature Communications                                         Manuscript Template                                                                       Page 8 of 30 

 

in adult WT mice and collected the cochlea 4 days later to study the effect. qPCR showed the 340 

upregulation of Myc, Notch1, and inner ear progenitor markers by the cocktail (Supplementary Fig. 341 

8c, d). To determine if the cocktail is sufficient for reprogramming and HC regeneration in vivo, 342 

we used a mouse model with severe HC loss induced by the ototoxic drug Kanamycin. We observed 343 

that, 7 days after intraperitoneal (i.p.) injection of Kanamycin and Furosemide, over 95% of OHCs 344 

were killed from apex-mid to middle turns, whereas the SCs (SOX2+) were preserved in the same 345 

region, making it a good model to study HC regeneration in the OHC region in vivo (Supplementary 346 

Fig. 10a-c). Using this HC damage model, we reprogrammed the damaged cochlea by injecting the 347 

VLFsiFsiM cocktail into the middle ear for four days, followed by injecting Ad.Atoh1-mCherry 348 

into the middle turn of the cochlea via cochleostomy. 21 days after Ad.Atoh1-mCherry injection, 349 

in control cochlea treated with vehicle (0.5% DMSO), occasional ESPN+ HCs were detected in the 350 

apex-mid that coincided with mCherry signals (Fig. 5b), an indication of regenerated HCs. No HC 351 

was regenerated in the apex to mid turn despite of abundant infected SCs. In contrast, in the cochlea 352 

with cocktail treatment, numerous ESPN+/mCherry+ HCs were seen from apex to the mid turn (Fig. 353 

5c; Supplementary Fig. 11c; S. Movie). Virtually all regenerated HCs were in the OHC region as 354 

the result of Ad.Atoh1-mCherry infection that targeted SCs in the same region (Fig. 5c; 355 

Supplementary Fig. 11c). As the result of HC regeneration, there was a significant increase in the 356 

HC number in the OHC region in the cocktail treated cochlea (Fig. 5d). There was no change in the 357 

number of IHC due to the lack of Ad.Atoh1-mCherry infection in the region (Fig. 5e). Notably, 358 

many regenerated HCs were positive for SOX2 (SOX2+/ESPN+, Supplementary Fig. 11d), 359 

indicating their SC origin. Consistent with SC-to-HC transition, the total number of non-360 

transdifferentiated SCs, i.e. SOX2+/ESPN- SCs, was significantly reduced in the reprogramed 361 

cochlea (Supplementary Fig. 11e). Again, there is no change in the number of SCs in the IHC region 362 

(Supplementary Fig. 11f). Taken together, we demonstrated that the middle ear delivery of 363 

“VLFsiFsiM cocktail” is sufficient to reprogram the adult mouse cochlea and regenerate HCs in 364 

combination with Atoh1 in a severe HC loss mouse model in vivo.  365 

 366 

Discussion 367 

 368 

In this study, we used single-cell RNAseq to uncover the pathways underlying the MYC/NOTCH-369 

mediated reprogramming of adult mouse cochlea. We further used the information to identify a 370 

combinatory approach by drug-like molecules to achieve reprogramming and HC regeneration in 371 

mature inner ear in vitro and in vivo (Fig. 6 for summary). 372 

 373 

HC regeneration in mature mammalian inner ear is a necessary step in order to develop a strategy 374 

to use HC regeneration to treat hearing loss. While most HC regeneration studies have focused on 375 

neonatal mice, recent studies by different groups including us have shown the feasibility of adult 376 

HC regeneration 8,10,13,14,35-38. We have developed a two-step approach to achieve adult HC 377 

regeneration: 1). Transient co-activation of cell cycle activator Myc and inner ear progenitor gene 378 

Notch1 to reprogram adult cochlear supporting cells; 2). Overexpression of a transcription factor 379 

Atoh1 in the reprogrammed SCs which then transdifferentiate into HCs in vivo and in vitro 14.  380 

 381 

For our ultimate goal to develop MYC/NICD/Atoh1 based HC regeneration with clinic application, 382 

it is required that Myc/Notch can be co-activated by drug-like molecules for reprogramming in WT 383 

non-transgenic adult inner ear for efficient HC regeneration. To recapitulate the effect of 384 

MYC/NICD, we envisioned a replacement of MYC and NICD by drug-like small molecules and 385 

siRNAs. VPA is an established histone deacetylase inhibitor and is a known Notch signal agonist 386 
16,17. Indeed, in the rtTA/tet-Myc mouse model, Notch1 can be effectively activated with VPA, 387 

which with Dox-induced MYC activation, results in HC regeneration after Ad.Atoh1 infection (Fig. 388 

1b, c). 389 
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 390 

Given that there is no known small molecule that can activate Myc potently, we first evaluated the 391 

possibility of using siRNAs to suppress Myc suppressors as a way to activate MYC. The siRNAs 392 

for Fir and Mxi1, two known MYC suppressors, exert the effect of MYC activation and HC 393 

regeneration (Supplementary Fig. 2). However, the regeneration efficiency is relatively low 394 

compared to what was achieved by MYC activation in the transgenic mouse model.  395 

 396 

To compensate the inefficient MYC activation by siRNAs, and to gain the insight into the 397 

mechanisms underlying reprogramming in adult cochlea, we sought to identify MYC/NICD 398 

downstream signaling pathways by single-cell RNAseq using the rtTA/tet-Myc/tet-NICD model in 399 

which Dox activates MYC/NICD robustly. We hypothesized the analysis will provide a 400 

comprehensive view of the reprogramming pathways, which in addition could offer us the 401 

opportunity to manipulate some of them with drug-like molecules, to overcome the deficiency in 402 

MYC activation by siRNAs for efficient reprogramming and HC regeneration.  403 

 404 

The RNAseq analysis identified 9 transcriptionally distinct clusters of the major sensory epithelial 405 

cell types, most of which are characterized by the expression of marker genes 23-26. The analysis 406 

failed to identify few cell types such as the pillar cells and phalangeal cells. This may be in part due 407 

to the effect of MYC/NICD that drastically altered the cell type identity. We used cultured adult 408 

cochleae, which may have some effect on cell type identity compared to acutely dissected cochleae. 409 

Another possibility is that after culture and dissociation some cell types were lost 410 

disproportionately. Overall, the identification of most of the known cell types compared to freshly 411 

dissected cochlea from other studies 23,25 and the presence of known marker gene expressions 412 

confirm the quality and comprehensiveness of our data. 413 

 414 

The RNAseq data showed, following Dox-induced MYC/NICD activation, that the global 415 

transcriptional profiles of adult cochlear explants differed substantially from their control 416 

counterparts. The hallmark of MYC/NOTCH induced reprogramming is the heightened activities 417 

shown by genes in cell cycle and cell growth, which were enriched for genes involved in positive 418 

regulation of MYC target genes, E2F target genes, G2M cell cycle checkpoint genes, mitotic 419 

spindle genes, oxidative phosphorylation genes, MTORC1 and NOTCH signaling genes. A recent 420 

single cell RNAseq study on zebrafish spontaneous HC regeneration after HC damage identified 421 

numerous pathways that are activated during different phases of reprogramming 39. Among the top 422 

identified pathways in zebrafish, many are shared with the reprogrammed adult mouse cochlea 423 

including the pathways in mitotic activities, oxidative phosphorylation, Notch and Wnt, supporting 424 

that those pathways are intrinsic to reprogramming and HC regeneration from zebrafish and 425 

mammals. However, some pathways we identified are unique to mouse, including cAMP, 426 

indicating the requirement of the pathways specifically for mammalian HC regeneration. 427 

 428 

To gain insight into the transcriptional changes within cell types and to assess the origin of 429 

mitotically active cells in MYC/NICD-induced samples, we analyzed differential expression 430 

profiles of the highly represented MSigDB Hallmark genes across cell clusters. This analysis 431 

showed that distinct expression profiles for the Hallmark gene sets were more significantly enriched 432 

in the interdental cell (IdC) populations, suggesting that MYC/NICD co-activation has a greater 433 

influence on the IdCs than on other cell types.  434 

 435 

In our studies (Supplementary Fig. 1)14, we noticed high efficiency IdC to HC transdifferentiation 436 

in the limbus region, suggesting that the IdC may under deeper reprogramming induced by 437 

MYC/NICD, which renders them more responsive to HC induction signals. This observation is 438 

consistent with the highly represented Hallmark gene sets in the IdC cluster by RNAseq. To 439 
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characterize transcriptional events that are fundamental in IdC reprogramming, we utilized a 440 

pseudo-time trajectory that allows for construction of the co-regulated transcriptional networks 441 

during transition between cell types and/or developmental stages. We identified four 442 

transcriptionally distinct subgroups of adult IdCs, depicted as transition stages from naive IdCs 443 

(Module #1) to the reprogrammed state (Module #4) (Fig. 3b, c). The GO analysis of Module #4, 444 

the reprogrammed state, identified Wnt and Response to cAMP as two enriched signaling pathways, 445 

suggesting their involvement in MYC/NICD-mediated reprogramming. By qPCR we confirmed 446 

the expression kinetics for the critical Wnt and cAMP-related genes across pseudo-time 447 

differentiation states of IdCs (Supplementary Fig. 7b). By the blockade of Wnt and cAMP pathways 448 

via small molecule inhibitors, cochlear HC regeneration or IdC proliferation potential is greatly 449 

attenuated despite MYC/NICD activation, demonstrating that Wnt and cAMP are downstream of 450 

MYC/NICD and are necessary for HC regeneration in the cultured adult cochlea (Supplementary 451 

Figs. 5; 7). While the IdC cluster was used to identify the reprogramming pathways, blockade of 452 

the pathways led to a significant reduction in regenerated HCs in the cochlea sensory epithelium, 453 

which strongly supports the relevance of the pathways in reprogramming the sensory epithelium 454 

and in HC regeneration. 455 

 456 

The discovery of Wnt and Response to cAMP pathways as downstream of MYC/NICD made it 457 

possible to activate both pathways by small molecules: LiCl to activate Wnt and Forskolin (FSK) 458 

to activate cAMP. Wnt is a well-studied pathway in the inner ear development and hair cell 459 

regeneration although its role in adult HC regeneration is not yet clear 40,41. Lithium chloride (LiCl) 460 

is a Wnt signaling agonist widely used in reprogramming terminally differentiated somatic cells 461 

into pluripotent stem cells (iPSCs) 42,43. Application of LiCl causes the expansion of the prosensory 462 

domain with increased number of HCs in the embryonic mouse cochlea 41. Interestingly, Myc, 463 

together of Notch in activating Wnt for reprogramming in adult cochlea, is also a known 464 

downstream target of the Wnt signal pathway 44,45. Clearly there is a complexed cross-talk between 465 

the pathways exerting the effect in both directions. cAMP was reported in the induction of 466 

expansion the auditory epithelium in both birds and mammals in HC regeneration 46-48. Forskolin 467 

(FSK) is the adenylate cyclase activator of cyclic AMP (cAMP) and has been utilized in replacing 468 

Yamanaka factors (YFs) in the protocol for chemical-induced pluripotent stem cells (CiPSCs) 49-51.  469 

 470 

In our cocktail, we combined five components of VPA, LiCl, FSK and siRNA for Fir and Mxi1 to 471 

completely replace Myc and Notch transgenes for reprogramming in cultured adult WT cochlea.  472 

We detected HC regeneration after Ad.Atoh1 infection, with the efficiency that is similar to HC 473 

regeneration achieved in the rtTA/tet-Myc/tet-NICD mice, which is more efficient than that 474 

achieved by VPA/siF/siM, demonstrating added reprogramming effect of LiCl and FSK. The study 475 

further illustrates that the reprogramming pathways identified in the IdC cluster are relevant to HC 476 

regeneration in the cochlear sensory epithelium. A combination of 13 chemicals has been shown to 477 

replace all 4 Yamanaka factors to reprogram somatic cells into pluripotent stem cells 49, which is 478 

likely involved deeper reprogramming. Our use of the cocktail with 5 components likely results in 479 

partial reprogramming, to allow fully differentiated SCs to regain a relatively young-age status, and 480 

to respond to Atoh1and transdifferentiate into hair cells.  481 

 482 

Excitingly, in the severe HC loss mouse model, new HCs are regenerated from the “VLFsiFsiM” 483 

cocktail-treated reprogrammed SCs, compared to little HC regeneration in the vehicle-treated non-484 

reprogrammed SCs. The data strongly support that a chemical-mediated reprogramming and HC 485 

regeneration can be achieved in the mature mammalian cochlea. For hearing restoration, it is 486 

required that the regenerated HCs be confined to the sensory epithelial region such that their 487 

stereocilia contact the tectorial membrane and mediate the mechanoelectrical transduction function. 488 

Our in vivo HC regeneration model under the condition of adenovirus infection directed the new 489 
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HCs to in the right place, i.e. new HCs were regenerated within the SOX2+ sensory epithelium. Our 490 

next goal is to study how in vivo HC regeneration could lead to hearing recovery. This will likely 491 

require a different surgical procedure as cochleostomy used in the study is known to cause inner 492 

ear in particular HC damage. Further, the expression of Aoth1 needs to be regulated as continuous 493 

Atoh1 expression prevents HC maturation and induces HC death 9.  494 

 495 

Our study is the first to show HC regeneration from cochlea long after HC loss in adult wild-type 496 

mice in vivo. Given the drug-like properties of our cocktail in reprogramming, this work strongly 497 

supports that the approach could be a viable therapeutic method to regenerate HCs, with an 498 

important implication for the development towards future clinical application.  499 

 500 

 501 

 502 

 503 

  504 
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Methods 505 

Mouse models 506 

Rosa-rtTA (rtTA), Sox2Cre transgenic mice and Ai14 tdTomato reporter mice were from Jackson 507 

Laboratory (Stock# 006965; 017593; 007914); tet-on-Myc mice were from Dr. M. Bishop of the 508 

University of California, San Francisco; tet-on-NICD mice were from Dr. D. Melton of Harvard 509 

University. For the transgenic rtTA/tet-on-Myc/tet-on-NICD mice, the background was mixed 510 

C57/129SvJ/CD1, with roughly equal numbers of sexes; Atoh1-nGFP mice were from Dr. Jane 511 

Johnson (University of Texas Southwestern Medical Center, Dallas, TX); the wild type mice were 512 

C57BL/6 from Jackson Laboratory. All experiments were performed in compliance with ethical 513 

regulations and approved by the Animal Care Committees of Massachusetts Eye and Ear and 514 

Harvard Medical School. 515 

 516 

Adult cochlear culture and viral infection in vitro 517 

Different from the neonatal cochlear culture method, in which the cochleae were disassociated from 518 

the bone, adult mouse whole cochleae (4-6 weeks old) were dissected with the bone attached. The 519 

bulla was first removed from the skull and dipped in 75% ethanol for 3 mins before being placed 520 

in HBSS. The vestibular region was also removed. Under a dissecting microscope, the middle ear, 521 

vessels and the debris were removed from the bulla. The bone covering the apical turn was removed, 522 

and round window and oval window membranes were opened to allow media exchange with the 523 

cochlear fluids. The ligament portion and Reissner’s membrane at each end of the cochlea were 524 

also removed to facilitate the access of medium to the sensory epithelial region. The cochleae were 525 

maintained in DMEM/F12 (Invitrogen) supplemented with N2 and B27 (both from Invitrogen) for 526 

14-18 days. Ad.Atoh1/Ad.Atoh1-mCherry/Ad.Atoh1-GFP adenoviruses were purchased from the 527 

SignaGen Laboratories, Rockville, MD, with titers of 6 × 1012 pfu/ml.  528 

 529 

Single-cell preparation 530 

Sensory epithelium from cochlea explants were dissected, and then dissociated immediately 531 

incubating with 0.25% trypsin-EDTA for 15 min at 37oC. Tissues were gently singularized by 532 

P1000 pipette in complete medium (DMEM/F12 medium containing 10% FBS). Cells were 533 

strained twice through 40 m mesh into 5 ml medium, spun down for 5 min at 300 g to pellet and 534 

resuspend in 50 ml of complete medium. Roughly 1600 cells were loaded onto a 10X Chip-G for a 535 

target recovery of 1000 cells. Single cells from explant cochlear cultures of control (n=4) and Dox-536 

treated (n=8) groups were captured separately to prepare two libraries. 537 

 538 

Single-cell RNA library preparation and sequencing 539 

Single cell suspensions were immediately transferred to individual channels of chip (Chromium 540 

Next GEM Chip G) to generate gel beads in emulsion together with reverse transcription master 541 

mix on the droplet-based high-throughput Chromium Controller (10X Genomics) allowing cell 542 

lysis, individual cell barcoding, and reverse transcription by Chromium Next GEM Single Cell 3’ 543 

Kit v3.1 (10X Genomics, PN-1000128). Briefly, single cell library preparation was carried out by 544 

emulsion breakage, PCR amplification, cDNA fragmentation, oligo adapter, and Illumina sample 545 

index addition following the manufacturer's protocol. The single-cell derived cDNA libraries were 546 

then assessed with bioanalyzer (High Sensitivity DNA Kit, Agilent 2100 Bioanalyzer) for quality 547 

control. Following library preparation, next-generation sequencing was performed with paired-end 548 

sequencing of 150 bp each end using Illumina HiSeqXTen (Novogene Inc.). 549 

 550 

Computational analysis of single-cell data  551 

Transcriptome sequencing analysis and read mapping were performed using CellRanger pipeline 552 

(version 5.0.0; 10X Genomics) according to the manufacturer’s guidelines. Raw sequencing reads 553 
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processed by CellRanger were demultiplexed and mapped to the mouse reference genome (mm10, 554 

GRCm38) using STAR. CellRanger-generated count matrices were loaded into Seurat v3.2.2 22 for 555 

downstream analysis. Outlier cells were first identified based on three metrics (library size, number 556 

of expressed genes and mitochondrial proportion). Cells with less than 200 unique molecular 557 

identifiers or high mitochondrial content were filtered out. Datasets from each sample were 558 

integrated into a single matrix for comparative analysis with the integration workflow from Seurat 559 

using {Merge} function. After this, we performed global-normalization using the {SCTransform} 560 

function embedded in Seurat R package for normalization and scaling of UMI and mitochondrial 561 

content. For the unsupervised clustering, we chose 0.5 as the resolution parameter. Briefly, we 562 

performed the downstream analysis steps including {SelectIntegrationFeatures}, 563 

{PrepSCTIntegration}, {FindIntegrationAnchors}, {IntegrateData}, {RunPCA}, {RunUMAP}, 564 

{FindNeighbors} and {FindClusters} functions on the integrated dataset. Identification of 565 

differentially expressed cell type-specific markers was carried out in Seurat utilizing the 566 

{FindAllMarkers} function. Using this function, cells from each cluster were compared against one 567 

another to detect uniquely expressed genes. Based on default parameters, only genes that were 568 

enriched and expressed in a minimum of 10% of each population (min.pct = 0.1) and with a log 569 

fold difference larger than 0.25 (logfc.threshold = 0.25) were considered. We used a Wilcoxon rank 570 

sum test to perform the analysis and confirmed with another algorithm called Model-based Analysis 571 

of Single-cell Transcriptomics (MAST) using the {FindAllMarkers} function on default settings. 572 

A differentially expressed gene (DEG) is defined as any gene expressed in at least 10% of the cells, 573 

which has a p-value <0.001 and a >1.5x average fold change from all other clusters being tested. 574 

Additionally, cell clusters were defined to have at least 10 DEGs that were unique when compared 575 

to other clusters. These DEGs per cluster were plotted using {DimPlot} and {FeaturePlot} functions 576 

in Seurat for visualization in UMAP plot. Using the {VlnPlot} function, we generated Violin plots 577 

to look at gene expression across clusters, and {DoHeatmap} to generate heatmaps of the top 20 578 

DEGs. Finally, we annotated each cell type by extensive literature reading and searching for the 579 

specific gene expression patterns.  580 

 581 

Single-cell trajectory analysis 582 

We used Monocle3 (v.0.2.3.0) R package (https://cole-trapnell-lab.github.io/monocle3/) 52 to 583 

investigate inferred developmental trajectories between interdental cell subsets and order cells in 584 

pseudotime based on their transcriptional similarities, in an unbiased manner. The subset data, 585 

previously scaled, normalized and clustered by the Seurat tool, were imported into Monocle3 using 586 

{new_cell_data_set} function. Monocle3 was run on our normalized counts matrix for the 587 

subclustered interdental cell data (IdC_Control and IdC_Dox). The data were subject to UMAP 588 

dimensional reduction and cell clustering using the {cluster_cells} function. A principal graph was 589 

plotted through the UMAP coordinates using the {learn_graph} function that represents the path 590 

from IdC_Control to IdC_Dox. This principal graph was further used to order cells in pseudotime 591 

using the {ordercells} function in Monocle3. Following that, we defined the population of 592 

IdC_Control cells as the root cell state (the starting point) to further investigate genes allowing 593 

IdC_Dox cells the ability to divide and regenerate. DEGs between IdC_Control and IdC_Dox 594 

clusters used to generate hypothetical developmental relationships were determined using 595 

{graph_test} function. Monocle3 identified modules of co-regulated genes within our selected 596 

clusters using the function graph test to identify variable genes in the data based on Moran’s I 597 

statistic. We retained the genes that had a significant q-value (< 0.001) from the auto-correlation 598 

analysis, grouped these genes into modules using UMAP and Louvain community analysis, and 599 

then genes with the greatest q-values were plotted on a heatmap using a proposed function 600 

{pheatmap}. 601 

 602 

Pathway analysis 603 

https://cole-trapnell-lab.github.io/monocle3/
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DAVID v6.8 (https://david.ncifcrf.gov/) 30,31 was applied using default settings to identify enriched 604 

pathways based on the DEGs between two groups or clusters. We used pathway gene sets from the 605 

biological processes of Gene Ontology (http://www.geneontology.org/) or the Hallmark pathway 606 

collection from Molecular Signatures Database (MSigDB; http://www.gsea-msigdb.org/gsea/). 607 

 608 

Data availability 609 

Raw and pre-processed single-cell sequence data that support the findings of this study are available 610 

through the National Center for Biotechnology Information Gene Expression Omnibus (NCBI 611 

GEO) (GSE???). R scripts for data processing are available through 612 

https://github.com/ZYChenLab/HC_Regeneration.  There is no restriction on the use of the code or 613 

data for non-profit academic organizations.  614 

 615 

Partial reprogramming in vitro for HC regeneration.  616 

In the rtTA/tet-Myc/tet-NICD mouse model, cochleae were treated with Dox (Sigma, 2 μg/ml final 617 

concentration); In the Sox2/tdT/rtTA/tet-Myc/tet-NICD mouse model, cochleae were treated with 618 

Dox (Sigma, 2 μg/ml final concentration) and 4-Hydroxytamoxifen (Tm, Sigma) (20ng/ml); in the 619 

rtTA/tet-Myc and rtTA/tet-Myc/Atoh1-GFP mouse models, cochleae were treated with Dox (Sigma, 620 

2 μg/ml final concentration) and VPA (1.5 mM); in the Sox2/tdT/rtTA/tet-Myc mouse model, 621 

cochleae were treated with 4-Hydroxytamoxifen (20ng/ml), Dox (Sigma, 2 μg/ml) and VPA (Sigma, 622 

1.5 mM); in the rtTA/tet-NICD mouse model, cochleae were treated with Dox (Sigma, 2 μg/ml final 623 

concentration), LiCl (Sigma, 8mM), FSK (Tocris Bioscience, 20μM), siFIR (Santa Cruz Bio-624 

technology, 0.02 μM), and siMxi1 (Santa Cruz Bio-technology, 0.02 μM); in the Sox2/tdT/rtTA/tet-625 

NICD mouse model, cochleae were treated with 4-Hydroxytamoxifen (20ng/ml), Dox (Sigma, 2 626 

μg/ml final concentration), LiCl (8mM), Forskolin (FSK) (20μM), siFIR  (Puf 60, Gene ID: 67959) 627 

(0.02 μM), and siMxi1 (Gene ID: 17859) (0.02 μM); in the Atoh1-GFP mouse model, cochleae 628 

were treated with VPA (1.5 mM), LiCl (8mM), FSK (20μM), siFIR (0.02 μM), and siMxi1 (0.02 629 

μM) for 4 days, followed by Ad.Atoh1 (6 × 1010 pfu/ml) infection overnight. siRNAs were delivered 630 

following the manufacturer’s instructions (Polyplus-transfection; 89129-920). The controls were 631 

cultured adult cochleae of the same genotype treated with vehicle (sterile water with 0.1% DMSO) 632 

plus Ad.Atoh1. The culture was placed into fresh medium for an additional 10-14 days. Cochleae 633 

were harvested and decalcified before immunohistochemistry. 634 

 635 

Lineage tracing 636 

Cochlear tissues from 4- to 6-week-old Sox2-CreER/tdT mice, Sox2-CreER/tdT/rtTA/tet-MYC 637 

quad mice, Sox2-CreER/tdT/rtTA/tet-NICD quad mice, and Sox2-CreER/tdT/rtTA/tet-MYC/tet-638 

NICD quint mice were dissected for culture. 4-Hydroxytamoxifen (20 ng/mL) was added to cultures 639 

on day 0 to activate Cre for lineage tracing studies. Ad.Atoh1 virus was added to the medium for 640 

16 to 24 hours at a concentration of 6x1010 pfu/ml.  641 

 642 

Trans-tympanic Injection of chemicals in vivo. 643 

All adult mice used were between 4 and 6 weeks old. Trans-tympanic injections were performed 7 644 

days after the subcutaneous injection of Kanamycin (1mg/g; Sigma) followed by intraperitoneal 645 

injection of Furosemide (0.3mg/g; Hospira Inc) 30 min later. Mice were anesthetized by 646 

intraperitoneal injection of xylazine (10 mg/kg) and ketamine (100 mg/kg). Trans-tympanic 647 

injections were conducted with 5μl chemical combinations of VPA (5mg/ml), LiCl (40mM), FSK 648 

(50μg/ml), siFIR (0.6μg/10μl), and siMxi1 (0.6μg/10μl), or vehicle (sterile water with 0.5% 649 

DMSO). Chemicals or vehicle were injected into one ear through the tympanic membrane (TM) in 650 

http://www.gsea-msigdb.org/gsea/
https://github.com/ZYChenLab/HC_Regeneration


Nature Communications                                         Manuscript Template                                                                       Page 15 of 30 

 

mice. Microforceps were used to retract the skin and visualize the medial superior fold adjacent to 651 

the TM. A Hamilton syringe with 33G needle was used to inject drugs trans-tympanically. 652 

 653 

Viral Injection in vivo. 654 

All surgical procedures were done in a clean, dedicated space. Instruments were thoroughly cleaned 655 

with 70% ethanol and autoclaved before surgery. Mice were anesthetized by intraperitoneal 656 

injection of xylazine (10 mg/kg) and ketamine (100 mg/kg). For viral injection, cochleostomy was 657 

performed on the anesthetized mice by opening the bulla, and adenovirus with a titer of 5 × 1012 658 

pfu/ml was injected into the middle turn of the scala media by a pressure-controlled motorized 659 

microinjector at a speed of 3 nl/sec. A total of 1 μl of adenovirus was injected into each cochlea. 660 

 661 

Scanning Electron Microscopy. 662 

Following dissection, the tissue was harvested and immersed in 2.5% glutaraldehyde in 0.1 M 663 

cacodylate buffer (EMS) supplemented with 2 mM CaCl2 at room temperature for 1.5-2 hours on a 664 

tissue rotator. Samples were then washed with distilled water 3 times and additional dissection was 665 

performed post-fixation, as needed. The samples were then rinsed with 0.1 M sodium cacodylate 666 

buffer 3 times for 10 min and treated with 1% osmium tetroxide (O) for 1 h, followed by a thorough 667 

rinse with distilled water 3 times for 10 min each, and treated with saturated thiocarbohydrazide 668 

(T) in distilled water for 30 min. This treatment was repeated, followed by an additional 1% osmium 669 

tetroxide step, yielding a treatment order of O-T-O-T-O. Following the final treatment and another 670 

round of washes, samples were transferred to 20 ml scintillation vials in 2 ml distilled water for 671 

dehydration with ethanol by adding 50 µl of 100% ethanol to the vial, then doubling the added 672 

volume every 10 min. Once the vial was full, samples were transferred to a 100% ethanol, then 673 

critical point dried from liquid CO2 (Tousimis Autosamdri 815). The samples were then mounted 674 

on aluminum specimen stubs with a carbon tape, spatter-coated with 4.5 nm of platinum (Leica EM 675 

ACE600) and observed with a field emission SEM (Hitachi S-4700). 676 

 677 

Statistical analysis 678 

The Prism 8 statistical package (GraphPad Software, Inc) was used in data processing. To count 679 

HCs upon partial-reprogramming followed by activation of Atoh1 in vitro, multiple regions from 680 

the apex (80-100% of the length of cochlear duct from the hook) were included. Briefly, new HC-681 

like cells generated from Hensen cell region, Deiters' cell region, pillar cell region, inner 682 

phalangeal and inner sulcus cell region were all included in the "SE" region; the cells generated 683 

from limbus region were included in the "Lib" region.  684 

To count the number of HCs upon VLFsiFsiM in vivo, the apex (80-100% of the length of 685 

cochlear duct from the hook); the apex-mid (60-80% of the length of cochlear duct from the 686 

hook) and mid (50-60% of the length of cochlear duct from the hook) were included. The 687 

injection sites were close to the mid turn. ESPN+ HCs were counted and the HC density was 688 

calculated as the average number of HCs per 100 μm for each cochlea. Controls were sterile water 689 

plus 0.5% DMSO-injected cochleae. Multiple cochleae were used for each counting and in 690 

statistical analysis.  691 

Data were presented as mean ± SEM. Two-tailed Student’s t-test was used to compare two groups 692 

(p<0.05 was considered significant). ANOVA analysis with Turkey’s multiple comparisons test 693 

was used to compare three or more groups (p<0.05 was considered significant). 694 

 695 

Data availability 696 
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The source data underlying Fig 1, 4, 5, Supplementary Fig 1, 2, 7, 10, 11 are provided as a Source 697 

Data file. 698 

  699 
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Figure Legends 700 

Figure 1. 701 

 702 
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Figure 1. VPA effectively replaces NICD to reprogram adult SCs for HC regeneration. a. A 703 

schematic diagram illustrating the experimental procedure of the cultured adult cochleae treated 704 

transiently by Dox to induce Myc and VPA to activate NICD (DV) and HC induction by Ad.Atoh1. 705 

b, c. Vehicle (sterile water)/Ad.Atoh1 or Dox/VPA/Ad.Atoh1 treated adult (P30) rtTA/tet-706 

Myc/Atoh1-GFP mice cochlear samples were labelled with MYO7A/GFP. Numerous HCs 707 

(MYO7A+/Atoh1-GFP+) were seen in the DV treated group and occasional HCs were seen in the 708 

control sample. d-g. Quantification and comparison of GFP+ cells and regenerated HC-like cells in 709 

the apical turn of the cultured cochleae between Dox/VPA/Ad.Atoh1 treated and Vehicle/Ad.Atoh1 710 

treated groups. Similar number of GFP+ cells, i.e. the Ad.Atoh1 infected cells, were seen in the DV 711 

and control cochleae (d, f). Significantly more HCs were seen in the DV treated than in control 712 

samples (e, g).   ***p<0.001, ****p<0.0001, two-tailed unpaired Student’s t-test. Error bar, mean 713 

± SEM, n=5. h-k. Images of scanning electron microscopy (SEM) showing immature stereocilia 714 

from new HCs in rtTA/tet-Myc/Atoh1-GFP cochlea treated with Dox/VPA and Ad.Atoh1 in vitro. 715 

Arrows point to kinocilia. l-o. Dox/VPA/Ad.Atoh1 treated adult (P30) rtTA/tet-Myc mouse cochlear 716 

samples were stained ESPN/SOX2. Arrows point to the SOX2+/ESPN+ double positive HCs. Scale 717 

bar in h-k: 2 μm; l-o: 10 μm. 718 

 719 
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Figure 2. 753 

 754 
Figure 2.  Single-cell RNA sequencing identified putative cell types across the sensory 755 

epithelium from mouse cochlear explant culture. a. Schematic diagram depicting the 756 

experimental setup for collection and processing of cochlear explants for the 10X Genomics 757 

Chromium Single Cell 3' Gene Expression workflow. b. UMAP plot showing the putative clusters 758 

from the integrated analysis of Control and Dox groups. c. UMAP plot of 2395 cells displaying 759 

each cell colored according to putative cluster assignment. d. UMAPs colored by the normalized 760 

log-transformed expression of Notch1 and Myc, proving Dox-induced transgene expression. Color 761 

key from gray to red indicates relative expression levels from low to high. e. Violin plots illustrating 762 

differential expression of Notch1 and Myc transgenes across the cells from Control and Dox-763 

induced samples. 764 
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Figure 3 765 

 766 
Figure 3. Computational lineage modeling analysis for the reprogramming trajectory for the 767 

interdental cell (IdC) cluster. a. Subclustering of the interdental cells (IdC) showing distinct 768 

accumulation of Control (red), and surrounded by Dox-induced sample-derived IdC cells (light 769 

blue). b. Construction of a pseudotime trajectory of the IdC subcluster from Control to Dox-770 

administered samples, with the black line showing the path of pseudotime, and UMAP plots are 771 
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colored according to pseudotime. c. Expression changes of the co-regulated genes within each 772 

module generated by Monocle3 analysis. The modules are consisted of genes clustered according 773 

to the correlation of expression levels. d. Gene Ontology analysis of Module 4 by DAVID using 774 

the genes whose expression changed significantly over pseudotime. The GO terms with p value less 775 

than 0.05 were considered significantly enriched by the query genes. e. Kinetic plots showing the 776 

relative expression of the top 10 of Response to cAMP and Wnt Signaling Pathway-associated 777 

genes over the pseudotime. f. A functional interaction network of the key genes from the Response 778 

to cAMP and Wnt Signaling Pathways. The nodes represent proteins, and the colored lines represent 779 

interactions between proteins. Presence of the more lines denotes the greater the degree of 780 

connection. 781 

 782 

 783 

 784 

 785 

 786 

 787 

 788 

 789 

 790 

 791 

 792 

 793 

 794 

 795 

 796 

 797 

 798 

 799 

 800 

 801 

 802 

 803 

 804 

 805 

 806 

 807 

 808 

 809 

 810 

 811 

 812 

 813 

 814 

 815 

 816 

 817 

 818 

 819 

 820 

 821 



Nature Communications                                         Manuscript Template                                                                       Page 22 of 30 

 

Figure 4. 822 

 823 
Figure 4. A cocktail of siRNAs and small molecules to replace MYC/NICD in reprogramming 824 

for HC regeneration in adult cochlea in vitro. a. A schematic diagram illustrating the 825 

experimental procedure of VLFsiFsiM/Ad.Atoh1 induced HC regeneration. b, c. The cocktail 826 

(VLFsiFsiM)/Ad.Atoh1 or Vehicle/Ad.Atoh1 treated adult (P30) Atoh1-GFP mice cochlear samples 827 

were labeled with MYO7A (red)/ Atoh1-GFP (green) in the sensory epithelial region. Numerous 828 

HCs (MYO7A+) were seen in the VLFsiFsiM/Ad.Atoh1 treated cochlea. d-g. Quantification and 829 

comparison of regenerated HCs in the apical turn of the cultured cochleae between 830 

VLFsiFsiM/Ad.Atoh1 treated and Vehicle/Ad.Atoh1 treated groups. Significantly more HCs were 831 

regenerated in the VLFsiFsiM/Ad.Atoh1 treated than Vehicle/Ad.Atoh1 treated samples (e, g), 832 

whereas the number of Ad.Atoh1 infected cells (GFP+) was similar. h. A schematic diagram 833 

illustrating the experimental procedure of lineage tracing for new HCs after VLFsiFsiM/Ad.Atoh1 834 
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treatment. i. In the cultured Sox2CreER/tdT adult cochlea, Tamoxifen (Tamo) induced tdT in the 835 

SCs which transdifferentiated to HCs by VLFsiFsiM/Ad.Atoh1 treatment, shown by 836 

MYO7A+/Sox2-tdT+ labeling. The arrow indicates an existing HC, which was MYO7A+/Sox2-tdT-837 

. The arrowhead indicates a regenerated HC, shown by MYO7A+/Sox2-tdT+ labeling. j. Enlarge 838 

inset from H to show MYO7A+/Sox2-tdT+ cells (arrows). k. VLFsiFsiM/Ad.Atoh1 treated adult 839 

(P30) Atoh1-GFP mouse cochlear samples showed infected cells (GFP+) that transdifferentiated to 840 

HC (MYO7A+) and were able to take up FM1-43. l. A cluster of HCs (MYO7A+) was seen in the 841 

VLFsiFsiM/Ad.Atoh1 treated adult cochlea. T, Tamo: 4-hydroxytamoxifen. V: VPA; L:LiCl; 842 

F:FSK; siF: siFIR; siM: siMxi1. **p < 0.01, ****p < 0.0001, Student’s t-test. Error bar, mean ± 843 

SEM; N=5-6 in each group. Source data are provided as a Source Data file. Scale bars: 10 μm. 844 
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Figure 5. 885 

 886 
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Figure 5. Regeneration of hair cells in a mouse model with HC loss in vivo. a. A schematic 887 

diagram illustrating the experimental procedure that adult C57BL/6j mice were treated by 888 

Kanamycin/Furosemide (Kana/Furo) to kill hair cells, with the subsequent delivery of the cocktail 889 

(VLFsiFsiM) or Vehicle (sterile water plus 0.1%DMSO) into the middle ear space, followed by the 890 

injection of Ad.Atoh1-mCherry into the inner ear by cochleostomy. b. After Kana/Furo treatment, 891 

Vehicles/Ad.Atoh1-mCherry treated adult C57BL/6j cochleae showed scarce hair cells (arrows, 892 

ESPN+/mCherry+) in the outer hair cell region (OHCr) of the apex-middle turn. c. After Kana/Furo 893 

treatment, cocktail/Ad.Atoh1-mCherry treated adult C57BL/6j cochleae showed many hair cells 894 

(arrows, ESPN+/mCherry+) in the outer hair cell regions (OHCr) from the apex to the mid-turn. d. 895 

Quantification and comparison of regenerated HCs showed a significant increase in the HC number 896 

in the OHCr in the cocktail treated samples compared to the Vehicle treated samples. e. 897 

Quantification and comparison showed a comparable HC number in the IHC region in the cocktail 898 

treated, Vehicle treated and WT control cochlear samples. D: Dox; L: LiCl; F: FSK; siF: siFIR; 899 

siM: siMxi1. **p < 0.01, ***p < 0.001, ****p < 0.0001, two-tailed unpaired Student’s t-test. Error 900 

bar, mean ± SEM; N=5-6 in each group. Source data are provided as a Source Data file. Scale bars: 901 

10 μm. 902 
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Figure 6. 937 

 938 
Figure 6. A schematic diagram summarizing the working model for SC reprogramming by 939 

the drug-like molecules and the HC regeneration.  940 
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